A relatively recent technique, the multi-resolution analysis (MRA), was applied to the global total ozone column measured by the Nimbus-7 TOMS instrument during 1979-1992. Ozone monthly averages were filtered in orthonormal frequency bands using the Meyer wavelet transform, and the ozone variability was analyzed in different time scales: high frequency oscillations (2-4 months), semiannual variation (6 months), annual variation, quasi-biennial oscillation (QBO), El Niño-Southern Oscillation (ENSO) and solar cycle related variations. MRA was thus showed to be an efficient band-pass filter to isolate different time scale signals. QBO, ENSO and solar cycle related variations in global total ozone are investigated in more detail through spectral and cross-correlation analyses.
Introduction
Total ozone column shows a very well-known global distribution, with a minimum of around 260 DU (Dobson Units) at equatorial latitudes, increasing toward poles in both hemispheres until a maximum of around 400 DU at sub-polar latitudes (Whitten and Prasad, 1985; Stanford et al., 1995) . The production of ozone is faster over the equator, where there is more ultraviolet (UV) radiation, than at high latitudes and higher elevations. However, the amount of ozone in any region depends on the balance between ozone loss processes and the transport of ozone by atmospheric motions, as well as on the ozone production. Thus, the high-latitude ozone maximum is a consequence of ozone transport from its source region, the equator, to polar latitudes (Whitten and Prasad, 1985) . A strong annual variation is observed in total ozone in both hemispheres, but with opposite phases and a larger amplitude in the Northern Hemisphere. Also, other oscillations are observed, such as the semiannual, the quasiCorrespondence to: E. Echer (ezequiel@dge.inpe.br) biennial, quasi-triennial and solar cycle variations (Whitten and Prasad, 1985; Zerefos et al., 1992 Zerefos et al., , 1997 Hood, 1997; Kane et al., 1998) .
The quasi-biennial variation in total ozone was first reported by Funk and Garnham (1962) , as related to the zonal stratospheric wind oscillations of 26-30 months (Reed et al., 1961) . This quasi-biennial oscillation (QBO) in stratospheric winds is a quasi-periodical reversal in zonally symmetric easterly and westerly wind regimes between 30-50 hPa (Holton, 1992) . It is quantified by a zonal wind index (ZWI), obtained from daily radio soundings at Singapore, (104 • E, 1 • N) in pressure levels 100, 70, 50, 30, 20 and 10 hPa (Naujokat, 1986) . The phase among total ozone and zonal wind is latitude dependent (Zerefos et al., 1992; Kane et al., 1998) . Ozone is in phase with the zonal wind at equatorial regions and has a variation out-of-phase in the extra-tropical latitudes (Zerefos et al., 1992; Hollandsworth et al., 1995; Kane et al., 1998) .
Periodicities of 3.5-4 years on total ozone have been identified (Hasebe, 1980; Kane et al., 1998; Zerefos et al., 1992) which seems to be related to the El Niño-Southern Oscillation (ENSO) phenomenon. ENSO is a recurrent activity of the ocean-atmosphere system that causes a large-scale heating of the Pacific Ocean (Enfield, 1989) . The oceanic component is the El Niño, which is the warm phase, when the Pacific Ocean water is heated. The atmospheric component is the Southern Oscillation, a surface pressure gradient oscillation between the East and West Pacific. The Southern Oscillation Index (SOI) (Ropelewski and Jones, 1987) is an index used to represent the ENSO phenomenon and it is calculated from the monthly or seasonal fluctuations in the air pressure difference between Tahiti (20 • S, 150 • W) and Darwin, Australia (10 • S, 130 • E). ENSO occurs with irregular periodicities, between 3-7 years, and has durations between 7-8 months. ENSO effects are different, both in different latitudes and geographical regions. Large ENSO events, such as 1982 -1983 , can explain negative anomalies in ozone (Zerefos et al., 1992) . Bojkov (1987) reported that large ENSO events are followed, with a lag of a few months, by low ozone values in middle and even polar latitudes. E. Echer: Multi-resolution analysis of global total ozone column The solar cycle signal amplitude on total ozone is around 1-2%, with total ozone reaching maximum values near sunspot maximum (Chandra and Mc Peters, 1994; Zerefos et al., 1997) . Direct solar mechanisms for perturbing ozone include changes in solar UV spectral irradiance and changes in the flux of precipitating energetic particles. The solar UV radiation in the 205-250 nm range is responsible for ozone photochemical production, so it is expected that larger intensities of UV radiation cause larger ozone photochemical production during solar maximum. Dynamical variations in the lower atmosphere could also be affecting total ozone variability. Hood (1997) analyzed ozone profiles and total ozone with satellite data and inferred that the majority of solar cycle ozone variation occurs in the lower stratosphere, with 85% of variation occurring below 16 hPa. Solar activity in the total ozone column is better seen in the tropics and during periods with no volcanic activity and no synergistic effects from ENSO and QBO (Zerefos et al., 1997) . As a measure of solar activity one can use the sunspot number or the solar radio flux at 10.7 cm (F 10.7 ), which is the solar output originating in the high solar atmospheric layers of the chromosphere and in lower corona. It has been routinely recorded since February 1947. The F 10.7 does not have significant impacts in the atmosphere, but it is used as a proxy for total and spectral solar irradiance, including the ultraviolet irradiance, which is very important in terms of atmospheric processes (Whitten and Prasad, 1985) .
In this work global total ozone (65 • S-65 • N) is filtered in orthonormal frequency levels through multi-resolution analysis (MRA). The characteristic variation of ozone in different time scales is analyzed, and its dependency on quasi-biennial oscillation (QBO), El Niño-Southern Oscillation (ENSO) and solar cycle phenomena are analyzed in detail through multiple-taper spectral and cross-correlation analysis.
Data and indices
Global total ozone had been measured by the total ozone mapping spectrometer (TOMS) instrument on board Nimbus-7 from 31 October 1978 to 6 May 1993 (Stanford et al., 1995) . In this work data from latitudes higher than 65 • are not used because of the polar night -TOMS needs the scattered solar light to measure ozone, and data from these latitudes are not available for the whole year (Stolarski et al., 1991) . The area coverage is 90% of the globe, but the ozone hole region is not included, which is adequate to study other factors affecting ozone. Total ozone data were obtained from the TOMS homepage, http://jwocky.gsfc.nasa.gov/.
The period during 1979-1992 was chosen for the utilization of the MRA technique in this work because it is the longest continuous ozone observation period by a unique satellite-borne instrument. The gap in the period around 1995 does not permit the later Earth Probe TOMS data to be used because the wavelet transform used in this work needs continuous time series. Also, the Meteor-3 TOMS data measured during 1993-1994 were not used because they are from a different instrument, which could introduce bias.
The QBO zonal wind index at 30 hPa (ZWI) is used in this study and it was obtained from Frei Universität Berlin (http://tao.atmos.washington.edu/data sets/qbo/). The SOI used is the one calculated by the method of Ropelewski and Jones (1987) , obtained from the Climatic Research Unit, University of East Anglia (ftp://ftp.cru.uea.ac.uk/data). The solar radio flux F 10.7 is measured in solar flux units, where one unit equals 10 −22 Wm −2 nm −1 . F 10.7 data were obtained from the National Geophysical Data Center (http: //www.ngdc.noaa.gov).
Multi-resolution analysis
The wavelet transform is a very powerful tool to analyze nonstationary signals and it is used to obtain expansions of a signal using time-localized functions (wavelets) that have good properties of localization in time and in frequency domain (Kumar and Foufola-Georgiou, 1997; Percival and Walden, 2000) . The wavelet transform may be continuous or discrete. While continuous wavelet transform calculate coefficients at every possible scale, the discrete wavelet transform chooses scales and positions based on the power of two -the dyadic scales and positions. Thus, the discrete wavelet is a subsampling of the continuous one at just the dyadic scales 2 j−1 , j=1, 2,etc.
The discrete wavelet transform may be used in multiresolution analysis, which is concerned with the study of signals or process represented at different resolutions and the development an efficient mechanism for going from one resolution to another (Percival and Walden, 2000) . Wavelet transform is based on analyzing signals to their components by using a set of basis functions. Wavelet basis functions are related to each other by simple scaling and translation. The original wavelet function, the mother wavelet, is used to generate all basis functions. For the purpose of multi-resolution formulation, there is also a need for a second function, the scaling function, to allow analysis of the function to a finite number of the components (Percival and Walden, 2000) .
In the multi-resolution (or multiple level decomposition), a signal (S) is broken down iteratively into many lowerresolution components. This decomposition process, with successive approximations being decomposed in turn, is called the wavelet decomposition tree. A signal (S) is split in an approximation (A) and in a detail (D). The detail contains the high-frequency part of the signal, whereas the approximation contains most of the characteristic frequencies of the signal. In the first step of the decomposition, S=A 1 +D 1 . In a next step, the approximation itself is split in a second level approximation, A 1 =A 2 +D 2 , and S=A 2 +D 2 +D 1 , and so on. The process is equivalent to a filtering procedure, in the first step, the signal has a low pass filtered component, the A 1 , and a high pass filtered component, the D 1 level. A 1 is then itself split, and one has the D 2 level as a genuine band-pass filtered data (because higher frequencies were split into the D 1 level and lower frequencies into A 2 level).
This iterative process could, in theory, continue indefinitely. In reality, the decomposition can proceed only until the individual details consist of a single sample or proxy. In practice, the most suitable decomposition of a given signal is selected on an entropy-based criterion or depending on the nature of the signal (Percival and Walden, 2000) .
Based on several characteristics of the wavelet functions, it is possible to determine which wavelet is more suitable for a given application. The Meyer wavelet transform is an orthonormal transform, and it has a scaling function besides the wavelet function, which is necessary for MRA. It is then adequate for the goal of decomposing a signal into orthonormal frequency levels.
In this work, the global total ozone series were decomposed until level 6, e.g. SOI and F 10.7 were also decomposed in the same levels, in order to do further analyses. Besides MRA, the multiple taper method (MTM) of spectral analysis (Thomson, 1982) and the crosscorrelation analysis were also performed in each wavelet level. Figure 1 shows the global ozone monthly averages (upper panel, in Dobson Units, DU) and the relative variations in every level for global total ozone, from top to bottom, D 1 to A 6 . The global ozone average for this period is 293±6 DU. Global ozone shows a dual peak structure in its annual variation because each hemisphere has maximum in its own spring (Whitten and Prasad, 1985) . The long-term negative trend is also seen (Stolarski et al., 1991) . The decline is not monotonic; a period of rapid decline during the early 1980s is followed by a period of little change during the late 1980s and by an apparent, more rapid decline in the early 1990s (Hood, 1997) . This variation of total ozone could be interpreted as a superposition of a solar cycle variation and a long-term linear and negative trend (Stolarski et al., 1991; Chandra and McPeters, 1994; Hood, 1997; Zerefos et al., 1997) . Spectral analysis (MTM) was applied to the ozone original data and only the 6 and 12 months were found to be statistically significant at the 95% confidence level.
Results and discussion
The D 1 level shows high-frequency fluctuations and the period statistically significant at the 95% confidence level is 4 months. In D 2 level only the semiannual (6 months) fluctuation is significant. This semiannual variation is due to the dual peak structure observed in original ozone data (upper panel in Fig. 1) , as previously commented.
In the D 3 level the only period significant is that of 12 months. The period of 12 months in global ozone appears because the opposite hemispheric annual variations do not cancel each other, and on a global basis, total ozone has a smaller seasonal variation due to the Northern Hemisphere variation being slightly larger (Heath, 1974; Whitten and Prasad, 1985) . The peak of this variation occurs in the first part of year and the minimum in the second part, but the month of peak is not fixed, probably because of the other fluctuations present in this frequency band.
In the D 4 level the QBO signal is found as significant, 28.0 months (2.3 years), with the oscillations being more irregular than in level D 3 . In the D 5 level only a period of 33 months appears, which could or could not be associated with ENSO and the fluctuations are highly irregular. In the D 6 level the fluctuations are very smooth, with maximum and minimum near solar cycle maximum and minimum, but the 10-11 year solar cycle periods have not been identified, probably because of the short time series used (14 years). Only a period of 84 months (7 years) was found to be statistically significant. This period is half of the sample size, and it could be a harmonic of the series length. A test with an artificial sinusoidal series, with a period of 10 years and length of data of 14 years was performed; this periodicity was not identified by MTM. On the other hand, periods of around 6-8 years have been reported in some stations and latitudinal ranges (Kane et al., 1985; 1998; Echer et al., 2001 ) that could be or not related to solar activity. Another point to consider is that the solar cycle signal could have been split in two levels, D 6 (5.3-10.7 years) and A 6 (periods higher than 10.7 years). A 6 level is the scaling level, which is proportional to the average of series (Percival and Walden, 2000) . A negative trend can be seen, probably superposed with a long period of sinusoidal variation. The linear fit to this trend resulted in a correlation coefficient of r 2 =0.76, but the trend is clearly not linear. Most likely this level has a decrease trend superposed with some longer period oscillations (part of the solar cycle variation and other cycles that are not known presently). Meyer wavelet transform was also applied to F 10.7 , ZWI and SOI data. Figure 2 shows the comparison of the characteristic spectral levels of every phenomenon with total ozone. In the upper panel, D 4 levels of ozone (continuous line, multiplied by 6 for better visualization) and ZWI at 30 hPa are shown (dotted line). In the middle panel, D 5 levels for ozone (continuous line) and SOI (dashed line) are presented. And in the lower panel, D 6 levels for ozone (continuous line multiplied by 15 for better visualization) and F 10.7 (dotted line) are shown.
The D 4 level contains the characteristic period of QBO, 28.0 months. Global ozone and ZWI show the anti-correlated variation, which was also determined from cross-correlation analysis of data. The ZWI variation is very smooth, but with larger amplitudes around [1983] [1984] [1985] [1986] . Ozone has in some cycles a variation, that is not very smooth.
The D 5 level contains the signal associated with ENSO. A period of 56 months (4 years) was found to be significant in the SOI series, while in ozone the period of 33 months was found. It can be observed that ozone and SOI show a variation out of phase during 1979-1983, then a very similar in-phase variation between 1983-1988, after the large ENSO event of 1982-1983, and in period of 1989-1993 the variations are again out-of-phase. Most likely the ozone was mainly affected by ENSO phenomenon during the period 1983-1988 because of ozone reductions caused by ENSO (Zerefos et al., 1992) .
The D 6 level contains a significant period of around 7 years, both in ozone and F 10.7 and it seems to be related to the solar cycle variation. It can be seen that ozone and F 10.7 , have maximum values during 1981-1982 and 1989-1990 and minimum in 1985-1986 . In the first solar cycle maximum, ozone is near in phase with F 10.7 , but in the second solar maximum the peak in ozone occurs before the peak in F 10.7 . It could be explained because the ozone response to the solar cycle is different in each latitude (Kane et al., 1998) could be mixed with solar signal in these frequency levels because the spacing between the last two big eruptions, El Chichon (1982) and Pinatubo (1991) is similar to the solar cycle period.
Cross-correlations between ozone and every other parameter have also been calculated. In this work the crosscorrelation analysis is performed between parameter 1 and parameter 2, thus a lag positive indicates that parameter 2 has maximum "t" months after parameter 1, while a lag negative indicates that parameter 2 has maximum "t" months before the parameter 1. The correlation coefficients obtained are statistically significant at the 95% confidence level (t-test). Table 1 shows the correlation coefficients for data and for the selected levels shown in Fig. 2 . Global ozone data is positively correlated with solar cycle, as expected, indicating a variation near in phase (ozone maximum 2 months after F 10.7 ). Ozone is also near in phase with QBO (ozone maximum 1 m before ZWI maximum), but they are anticorrelated. With ENSO, ozone has a lower correlation and a lag of −9 months (ozone maximum 9 months after SOI).
It is seen that the frequency levels cross-correlation coefficients are higher than the original data coefficients. The coefficients increase from around 0.50 to 0.98 for ozone and solar cycle F 10.7 index correlation, and from −0.30 to −0.80 for ozone and QBO (ZWI) correlation. These results indicate that both solar and QBO components in ozone were adequately isolated by the MRA filtering. On the other hand, the correlation between ozone and ENSO was not greatly improved (from around 0.2 to 0.3) most likely due to the irregular character of ENSO, which does not have strong periodicities as solar and QBO phenomena, but it encompasses a broad range of periods, behaving irregularly (Enfield, 1989) . There is also the possibility that part of the ENSO signal was split in the D 6 level, especially for periods higher than 5 years.
Several works have analyzed the correlations between ozone and other parameters using filtered data. Zerefos et al. (2001 ), who used Dobson data during 1964 -1994 found for the latitude range 0 • -60 • N a correlation coefficient r=0.45 between ozone and F 10.7 . Chandra (1991) have used TOMS data for 40 • S-40 • N and after filtering for annual-QBO variations, have found r=0.61 for ozone and F 10.7 , with variations in phase. Zerefos et al. (1997) have found that the statistical correlation between ozone and F 10.7 outside the latitude range 40 • S-40 • N is low and not statistically significant, probably because it is masked by much higher ozone variability at these higher latitudes. They have found a correlation of around r=0.40 for the range 0 • -30 • S. The correlation coefficient for global ozone and F 10.7 filtered data found in this work is r=0.98, indicating that the wavelet filtering had obtained a good performance on isolating the solar signal on ozone.
The correlation with QBO resulted, in the wavelet filtered D 4 level, in a lag of 1 m and r=−0.81. This result is global and it can differ greatly from latitude to latitude, as it was shown by Kane et al. (1998) .
Conclusions
Multi-resolution analysis (MRA) was applied to the global total ozone series recorded by the Nimbus-7 TOMS instrument during 1979-1992. Ozone monthly average data were decomposed in orthonormal frequency levels through the Meyer wavelet transform. The MRA proved to be a very efficient band-pass filtering technique, with high-frequency terms, semi-annual, annual, QBO, ENSO and solar cycle related variations in isolated ozone. Semiannual, annual and annual periodicities were found by spectral analysis in each frequency band. Correlation between ozone and QBO (ZWI) and between ozone and solar (F 10.7 ) activity was observed to be much higher in their respective frequency bands than in the original data. However, the correlation between ozone and ENSO (SOI) was not observed to improve in filtered data, probably because of the irregular characteristic of ENSO/SOI series. It may be concluded that MRA can be an efficient band-pass filtering technique that can be used for several geophysical studies.
